In a high voltage electron microscope, solution treated Type 316 stainless steel was electron-irradiated at temperatures in the range of 370-630dc to a dose of about 30 dpa. The swelling (DV/V) induced by the irradiation beyond about 5 dpa is well described by an empirical equation, DV/V=A(dpa)n, under constant void and dislocation densities.
With increasing irradiation temperature, the fluence exponent n increases and the pre-exponent term A decreases. At 550dc irradiation, the fluence exponent takes the value of 1.5 due to the diffusion-limited void growth. The value of n larger than 1.5 at higher temperature (>550dc) is attributable to the surface reaction-limited void growth. The smaller value of n for the low temperature ( ?? 500dc) irradiation appears to arise from the dislocation assisted vacancy diffusion. The peak swelling temperature of the specimen irradiated to 30 dpa is about 570dc, which shifts to a higher temperature with increase in electron dose. KEYWORDS The void swelling is one of the major problems in austenitic stainless steels as core materials for use in fast breeder reacters or fusion reactors. A large amount of experimental data is available for the swelling in the stainless steels as a function of neutron fluence. However, there are wide disagreements concerning the functional relationship between swelling and fluence, and the same set of experimental points may be fitted by some different empirical equations.
The Dounreay type of analysis (1) assumed a linear relationship between swelling (DV/V) and fluence (pt) after an incubation period. The empirical equation used by American workers(2)~(4) is DV/VVoc(pt)n, where the fluence exponent n is determined by the best fit.
The experimental results on neutron irradiated stainless steels(3) (4) The specimens were irradiated with 1 MeV electrons in a JEM-1000D, at temperatures in the range of 370630dc to a total dose of about 30 dpa. The temperatures were deduced from the prior calibration of the temperaturepower characteristic of the specimen holder. The electron flux was measured by using a Faraday cup installed above the screen. The average electron flux at the central area of irradiation was 3.4 x 1019 to 4.0 x 1019 e/cm2• sec. The electron flux corresponds to the damage rate of 5.7 to 6.7 dpa/hr taking the threshold energy of 25 eV. The thickness of the specimen was estimated to be about 0.5 to 1.0 mm by counting the number of equal thickness fringes from the specimen edge.
Electron images recorded at a magnification of x 20,000 were printed at a magnification of x 73,000. Measurements of void size were made within an area of 150 mm x 150 mm decreases with dose beyond the maximum except the case of 600-C irradiation.
The maximum void number densities are 1.4 x 1015, 6.5 x 1014, 1.7 x 10" and 6.7 x 1013/cm5 for irradiation temperatures of 430, 500, 550 and 570dc, respectively.
The voids nucleated in the early stage of irradiation grow with electron dose (Fig. 2) , and the average void diameter D in A units can be expressed by D=B(dpa)m, where B and m are constant.
The fluence exponent m depends on the irradiation temperature and takes the value of 0.4 at 500dcC. The value increases to 0.5 at 550dc and 0.6 at 570dc. At a total dose of about 30 dpa, the average void diameters are about 700, 1,000 and 1,600 A for the irradiations at 500, 550 and 570dc, respectively. The swelling (DV/V) can be expressed by a relation of the form DV/V=A(dpa)n as indicated by the solid lines in Fig. 3 . The lines through the data are drawn according to the best fit : 500dc: DV/V(%) =0.08 (dpa)1.1 550dc: DV/V(%) =.02 (dpa)1.5 570dc: DV/V(%) = 0.01 (dpa)1.8
The fluence exponent n increases with increas- Irradiation temperature dependence of void swelling in the specimens irradiated to doses of 20 to 100 dpa is shown in Fig. 4 
where nv is the number of vacancies flowing into the void, D the diffusivity of a vacancy , rv the void radius, C the steady state vacancy concentration at a midpoint between adjacent voids, C-the equilibrium vacancy concentration and K the rate constant at the void surface. When rvk>> D, the flow rate of vacancies can be expressed by 
Then, the current of vacancies into the void may be controlled by the surface-limited mechanism at higher temperatures. In the diffusion-limited case, the rate of vacancy flux is proportional to the void radius as shown in Eq. ( 3 ) and the growth rate of the void is inversely proportional to the void radius : ( 5 ) where O is the volume of a vacancy.
It is clear from Eq. ( 5 ) that the void swelling increases proportionally with (dpa)1.5 under a constant void number density during irradiation. In the surface reaction-limited case, the vacancy flux into the void is proportional to the square of void radius (Eq. ( 4 )) and then, the swelling increases proportionally with (dpa)3. Although Biz/lough & Perrin(9)(10) derived the (dpa)3 dependence of the swelling from the diffusion controlled void growth under the condition rdr 2 v> 1 , where rd is the dislocation density, the condition is not fulfilled in the present experiment ; taking the dislocation density of ~1010/cm2(21) , the void diameter must be larger than 2,000 A to satisfy the condition. From the above discussion , the fact that the fluence exponent n increases from 1 .5 to 3 with increasing irradiation temperature suggests that the dominant mechanism for the void growth changes from the diffusion-limited to the surface reaction-limited with increasing irradiation temperature .
Using a Fe-18Cr-8Ni-Si alloy irradiated with 1 MeV electrons at 500dc, Okamoto et al . ( 14) Wolfer') and Wolfer & Yoo (20) deduced that the segregation of impurity atoms onto the void surface results in an elimination of the void bias of radiation produced interstitials and leads to the surfacecontrolled void growth kinetics.
The lower the irradiation temperature, the smaller the fluence exponent in the power law expression for void swelling becomes. The exponent is expected to be 1.0 for the irradiation below 500dc. In a low temperature region, both the dislocation and void densities are very high and the vacancy flow into the void is affected by near-by dislocations ; the voids in the vicinity of dislocation grow more rapidly than the other voids (22) . In these circumstances, the flow of vacancies into a void is independent of the void radius, which results in the (dpa)1.0 dependence of void swelling. The fluence exponent smaller than 1.5 can be also deduced from the theory for the diffusionlimited void growth under the condition that the dislocation density is low and the voids are dominant sinks for point defects(8)~(10). In the low temperature irradiation, however, the dislocation density is so high that the condition can never be satisified.
Therefore , in a low temperature region ( ?? 500dc) in this experiment, the controlling mechanism for void growth is not likely to be simple diffusionslimited.
The (26) , and that the incubation period is shorter at higher temperature (27) . The dose and temperature dependence of swelling in Type 316 stainless steel electronirradiated to a dose of about 30 dpa in the temperature range of 370~630-C were studied using a HVEM, and the conclusions obtained are as follows :
(1) Both the void and dislocation densities increase steeply with dose in the early stage of the irradiation and become nearly constant beyond a dose of about 5 dpa. (2) The swelling is well described with D V/ V(%) -= A(dpa)" as a function of electron dose. The increase of the irradiation temperature increases the fluence exponent n, and decreases the pre-exponential term A which is proportional to the void number density. (3) At 550dc irradiation, the fluence expo-41 nent n takes the value of 1.5 due to the diffusion-limited void growth. (4) At high temperature (>550dc), the surface reaction-limited void growth contributes to the swelling. (5) The smaller value of n for the low temperature ( ?? 500dc) irradiation appears to result from the dislocation-assisted diffusion. (6) The peak swelling temperature of the specimen irradiated to 30 dpa is about 570dc, which shifts to a higher temperature with increase in electron dose.
